In macaques, superior parietal lobule area 5 has been described as occupying an extensive region, which includes the caudal half of the postcentral convexity as well as the medial bank of the intraparietal sulcus. Modern neuroanatomical methods have allowed the identification of various areas within this region. In the present study, we investigated the corticocortical afferent projections of one of these subdivisions, area PE. Our results demonstrate that PE, defined as a single architectonic area that contains a topographic map of the body, forms specific connections with somatic and motor fields. Thus, PE receives major afferents from parietal areas, mainly area 2, PEc, several areas in the medial bank of the intraparietal sulcus, opercular areas PGop/PFop, and the retroinsular area, frontal afferents from the primary motor cortex, the supplementary motor area, and the caudal subdivision of dorsal premotor cortex, as well as afferents from cingulate areas PEci, 23, and 24. The presence and relative strength of these connections depend on the location of injection sites, so that lateral PE receives preferential input from anterior sectors of the medial bank of intraparietal sulcus and from the ventral premotor cortex, whereas medial PE forms denser connections with area PEc and motor fields. In contrast with other posterior parietal areas, there are no projections to PE from occipital or prefrontal cortices. Overall, the sensory and motor afferents to PE are consistent with functions in goal-directed movement but also hint at a wider variety of motor coordination roles.
Introduction
Neurophysiological research in macaques and imaging studies in humans have implicated the superior parietal lobule in the sensory guidance of actions (Culham et al., 2006; Caminiti et al., 2010) . Whereas the superior parietal lobule has been traditionally regarded as encompassing area 5, more recent studies have identified a mosaic of distinct architectonic areas (Pandya and Seltzer, 1982; Lewis and Van Essen, 2000a) . The most extensive of these areas is PE, which resides mainly on the exposed postcentral gyrus, directly caudal to the somatosensory cortex (Fig. 1) .
Electrophysiological mapping in the location of PE has revealed the existence of a rough topographic organization, largely parallel to that of the anterior somatosensory fields, with leg, trunk, and arm representations in mediolateral sequence (Taoka et al., 1998 (Taoka et al., , 2000 Padberg et al., 2007) . The cardinal feature of area PE is the wide representation of the arm and hand, a specialization that has been linked to the manual abilities of primates (Krubitzer and Disbrow, 2008) . Indeed, a series of influential single-unit recording experiments in awake monkeys has shown that most neurons respond to proprioceptive stimulation, with fewer cells active for tactile and visual stimulation and to active reaches (Duffy and Burchfiel, 1971; Sakata et al., 1973; Mountcastle et al., 1975 ; for review, see Hyvärinen, 1982) . Motor activity in area 5 neurons persists even in the absence of sensory stimulation, suggesting that it is internally generated (Seal et al., 1982) . Accordingly, a number of subsequent studies have confirmed that area 5 neurons are involved in the preparation of movement (Burbaud et al., 1991) and in generating body-, shoulder-, or hand-center coordinates for reaching (Ferraina and Bianchi, 1994; Lacquaniti et al., 1995; Kalaska, 1996; Graziano et al., 2000; Bremner and Andersen, 2012) .
In line with the physiological findings, early connectional studies in macaques showed that area 5 is closely connected to somatosensory and primary motor cortex (Jones et al., 1978; Pandya and Seltzer, 1982; Johnson et al., 1996) . However, previous studies were either not strictly limited to the architecturally defined area PE or involved only a limited number of injections (Pons and Kaas, 1986) . Thus, in the present study, we investigated the projections to the cytoarchitectonically defined area PE by placing retrograde tracer injections in different parts of PE, including those located outside the predominant representation of the forelimb (Padberg et al., 2007) . Our approach stemmed from an earlier observation that the heterogeneity of PE neural responses might be reflected in the diversity of connections for various sectors (Pons et al., 1985) . Our results demonstrate that area PE is unified by a consistent pattern of afferents from the same cortical areas. However, they also reveal that the lateral part of PE (upper body/forelimb representation) shows a number of connections that distinguishes it from the medial part of PE (lower body representation), in line with the hypothesis that co-ordination of forelimb and hindlimb and trunk muscles requires different sets of sensory inputs. In addition, present findings suggest the participation of PE in a wider range of sensorimotor integration tasks.
Materials and Methods
Experiments were conducted in 5 hemispheres of 4 male adult monkeys (Macaca fascicularis, 3-7 kg). All experimental protocols were approved by the Bioethical Committee of the University of Bologna and complied with the European Directive 86/609/EEC and with the Directive of 22 September 2010 (2010/63/EU) on the care and use of laboratory animals.
The animals were pretreated with atropine (0.04 mg/kg, i.m.) and anesthetized with ketamine hydrochloride (15 mg/kg, i.m.) followed, after 30 min, with sodium thiopental (8 mg/kg, i.v., with supplemental doses as required). To avoid edema, mannitol was administered intravenously (1 g/kg). The university veterinary staff constantly monitored heart rate, blood pressure, respiratory depth, and body temperature. The animals were secured to a stereotaxic frame, and the dorsal surface of the superior parietal lobule was exposed. Injection sites were selected by direct visualization of the cortex and were assigned to areas after histological examination of postmortem material. Surgical procedures took place in standard aseptic conditions. Fluorescent tracers were injected using a Hamilton microsyringe with a glass micropipette attached to its needle. These included cholera toxin B subunit (Invitrogen, 1% in PBS), conjugated with AlexaFluor-488 (CTB-green) or AlexaFluor-594 (CTB-red), and Fluororuby (Invitrogen). In one case, Fast Blue (Polysciences) was applied as crystal with the aid of a fine tungsten wire (Rosa et al., 2005) . One case received two injections of HRP (Sigma-Aldrich). At the end of the surgery, the animals were allowed to recover before returning to their cage. Analgesics (ketorolac, 1 mg/kg, i.m.) and antibiotics (erythromycin, 1-1.5 ml/10 kg) were administered postoperatively.
After a survival period of 14 d (2 d in the case of HRP), the animals were preanesthetized with ketamine hydrochloride (15 mg/kg, i.m.) followed by a lethal dose of sodium thiopental intravenously. They were perfused transcardially first with 3 l of saline and then with 5 l of 4% paraformaldehyde (3.5% in the case of the HRP injection) in 0.1 M phosphate buffer at pH 7.4, and 4 l of 5% glycerol in the same buffer. Brains were removed from the skull, photographed from all views, and cryoprotected by immersion into buffered glycerol solutions of 10% and then 20% until they sank (4 -5 d in total). The brains were then frozen in isopentane and stored at Ϫ80°C. Sections of 60 m were cut on a freezing microtome, in the parasagittal (majority of cases) or coronal (one case) planes, and were collected in five series. The first series was left unstained for fluorescent observation. For visualization of HRP, we used the tetramethyl-benzidine method (Mesulam and Rosene, 1979) . Subsequent series were stained for Nissl substance (thionin, 0.1% in 0.1 M acetate buffer, pH 3.7) and for myelin (Gallyas, 1979) . All sections were coverslipped with DPX, after dehydration in ethanol and clearing with xylene. Data analysis. Fluorescent material was examined under a Zeiss Axioscope equipped with 10ϫ and 20ϫ objectives. The location of labeled neurons and the outline of the sections were plotted using custom-made software with the aid of X/Y transducers mounted on the microscope stage. In all sections analyzed, the entire ipsilateral cortex was examined for retrograde labeling. For each injection, labeled neurons in various cortical areas were charted in every second section; the number of labeled cells in each cortical area was expressed as a fraction of the total number of cells for that injection (excluding labeled cells in area PE, as those formed intrinsic label). We used the Kendall coefficient of concordance W (Siegel, 1956; Legendre, 2005) , a nonparametric statistical method, to examine the consistency in the distribution of label across different injections. As recently discussed in detail (Reser et al., 2012) , nonparametric statistical methods are preferred when normal distributions of variables cannot be assumed; this is often the case in neuroanatomical studies in which factors, such as relative small sample sizes and variability in transport characteristics of tracers, make inappropriate the use of classical parametric statistics. For the current analysis, we grouped projections from different areas into five cortical sectors (Table 1) to correct for large differences in the total number of labeled cells and for zero/low cell counts. The obtained value of Kendall's coefficient of concordance, W, was tested for significance with adjusted 2 statistics (Friedman's 2 ), a reasonably satisfactory approach for moderate/small sample sizes (Sheskin, 2004) .
Two-and three-dimensional reconstructions of cortex were obtained with the CARET software , from mid-thickness section contours, according to the procedures described previously (Galletti et al., 2005; Gamberini et al., 2009 ). The same software was used to prepare the density maps of labeled neurons by projecting the location of each neuron to the nearest mid-thickness contour (Bakola et al., 2010; , along with marks noting the architectonic borders of cortical areas.
Area parcellation. We carefully examined our histological material to ensure that injections were confined to a single architectonic area. The main characteristic of area PE, which distinguishes it from adjacent cortices, is the presence of large pyramids in layers III and V. However, as it has been reported before, PE shares this feature with area 2, which lies immediately anterior, making the accurate placement of a border between the two areas "especially vexing" (Burton and Fabri, 1995). To disambiguate this border, we found the description by Jones et al. (1978) extremely reliable. According to these authors, area 5 (PE) has a thinner layer IV but a rather homogeneous cell population, which makes it more distinguishable even under low magnification (Fig. 2 , right inset). This architectural feature allowed us to place the rostral border with area 2 in good agreement with earlier studies (Pons et al., 1985; Taoka et al., 1998; Lewis et al., 1999) .
The borders of area PE and of caudal and medial neighboring areas PEc and PEci (supplementary somatosensory area) (Murray and Coulter, 1981) were defined according to the architectonic criteria of Pandya and Seltzer (1982) . Anterior somatosensory areas were designated according to Jones et al. (1978) and Lewis et al. (1999) . The inferior parietal lobule was parcellated according to Pandya and Seltzer (1982) and Gregoriou et al. (2006) . The lateral sulcus was subdivided according to Pandya and Seltzer (1982) and Robinson and Burton (1980) . The identification of the areas in the cingulate sulcus was based on previous descriptions by several authors (Matelli et al., 1991; Morecraft et al., 2004; Vogt et al., 2005) . The premotor cortex was subdivided following the criteria of Matelli et al. (1991) and Geyer et al. (2000) . In a few cases (e.g., when the plane of sectioning was not favorable), assignment relied primarily on location relative to sulcal landmarks, using the above reports as a guide. 
Results
Here we describe the pattern of connections of parietal architectonic area PE. Our findings are based on the analyses of 7 cases in 5 macaque hemispheres that collectively covered most of the extent of the area. mark to group PE injections into "lateral" and "medial" ones, in an attempt to examine whether upper (trunk/forelimb)-and lower-body fields of the same area receive different sets of cortical input. At this point, we should note that we applied this criterion to better illustrate our findings, and any observations regarding somatotopic relationships are based solely on published maps of PE because we did not verify injection sites with physiological methods. We first present our results obtained after injections in lateral parts of PE, followed by results after injections in medial PE.
Lateral injections
In three cases, we placed tracer injections in lateral locations of PE (Fig. 2, cases 1-3) , within the expected representations of the trunk/arm. Histological examination of our material showed that two of these injections (cases 1 and 2) were restricted within the cortex and the borders of PE, whereas case 3 involved two large injections of HRP, which partly spread to the underlying white matter and surrounding area 2 and, thus, was excluded from quantitative analyses. Nevertheless, results from this case shared several characteristics with the other two cases and are therefore presented together, with the few differences highlighting possible distinctions between PE and adjacent fields. Table 1 reports the percentages of labeled cells in different cortical areas after injections in case 1 (13,925 labeled cells outside PE), case 2 (17,315 cells excluding cells in PE), and case 3 (44,008 cells, excluding cells in PE and area 2). Figures 3, 4 , and 5 illustrate the areal distribution of retrograde label for these three cases. The densest and most consistent projections were observed from somatosensory area 2, whereas smaller amounts of label originated from the other subdivisions of postcentral cortex (areas 1, 3a, and 3b). Additional labeled cells were observed in superior parietal area PEc and in the medial bank of the intraparietal sulcus, particularly in its anterior half (area PEip, Matelli et al., 1998) . Label in this cortical region became more conspicuous as the injection was placed in further lateral PE locations (compare Fig. 3 with Figs. 4 and 5) . In contrast, the caudal half of the medial bank revealed moderate label, in its dorsalmost third, in a likely distinct field we have previously named dMIP (Bakola et al., 2010) , whereas area MIP proper contained only some isolated cells (Fig.  4G) . Deeper in the intraparietal sulcus, few cells were observed in area VIP, confirming earlier observations (Lewis and Van Essen, 2000b) . Area AIP, in the lateral bank of the intraparietal sulcus, contained scattered cells only after the big HRP injection that included area 2 (Fig. 5B) , suggesting that label might be the result of the involvement of this area into the injection site. Previous anatomical results have been equally inconclusive, with connections between AIP and both areas 5 and 2 present in one study ( Lewis and Van Essen, 2000b) but not in in another (Borra et al., 2008) . Finally, the more lateral of our cases (2 and 3) showed additional labeled cells around the tip of the intraparietal sulcus, in the somatic-vestibular area 2v (e.g., Fig. 4 flat map; Fig. 5B ).
In the somatosensory fields of the lateral sulcus, labeled cells were found in areas PGop and PFop, with few neurons in area PF (Fig. 3, flat map; Fig. 5B ). Inferior parietal projections were thus restricted to the opercular fields that line the lip of the lateral fissure and tended to avoid classical subdivisions of area 7. In the depths of the lateral sulcus, labeled cells were found in the vestibular retroinsular (Ri) cortex, and, in much smaller numbers, in the adjacent insular (Ins) cortex. In case 2, few labeled cells arose from the second somatosensory area (SII, Fig. 4C ). These were more numerous in case 3 with the large HRP injection that slightly spread into white matter and adjacent fields (Fig. 5 B, C) . Based on previous studies (Jones et al., 1978; Friedman et al., 1980; Pons and Kaas, 1986) , it could be that SII labeling comes from an involvement of area 2 into the injection site. Finally, in all cases, scattered labeled cells were found in the multimodal caudal temporoparietal transition area Tpt.
In the frontal lobe, label was consistently shown in the primary motor cortex (F1/M1), both within the anterior bank of the central sulcus and the exposed gyral surface. Additional labeled cells originated in medial (SMA/F3), dorsal (area F2), and ventral (areas F4 and F5) premotor cortex. On the whole, projections from premotor fields were relatively weak compared with the heavier input from primary motor cortex.
In the medial cortex, moderate label was observed in and around the cingulate sulcus. In caudorostral sequence, labeled cells were found in areas PEci, 23, and 24, in all three cases.
A notable characteristic of these lateral injections was that labeling extended into large portions of areas with well-known topography, likely encompassing both upper and lower-body representations. For example, in case 1, labeled cells in area 2 spanned almost its full mediolateral extent, sparing only its most lateral part (Fig. 3, flat map) . Likewise, labeled cells occupied the rostral part of area 23 (in the putative forelimb representation) (Hutchins et al., 1988) , extending to more caudal locations, particularly in case 1. This finding could reflect tracer leakage into medial PE locations; however, our injection sites were relatively small (Fig. 2 ). An alternative interpretation would be that the upper-limb field in area PE receives both homotopic and heterotopic input from somatomotor cortices, similar to what has been observed in area 3a (Huffman and Krubitzer, 2001 ). Such diverse input could be, for instance, useful in maintaining balance during fast movement.
Medial injections
In four cases, we placed injections at medial locations in PE (cases 4 -7; Fig. 2) , at the expected locations of the lower body representations. As illustrated in Figure 2 , case 7 received two CTB-red injections; the posterior one slightly invaded area PEc and was therefore excluded from the average analyses. However, we describe it together with the other cases because results were qualitatively similar.
Compared with the lateral cases, our injections in medial sectors of PE resulted in lower numbers of labeled cells (case 4, 3124; case 5, 498; case 6, 3567). Nevertheless, the distribution of label in parietal and frontal cortices resembled the basic pattern observed after lateral injections, described above, with few exceptions. The relative density of projections from various cortical areas is reported in Table 1 , whereas examples of the spatial distribution of labeled cells in three medial cases are shown in Figures 6, 7 , and 8A. Case 5, which contained the smallest proportion of extrinsic label, is not illustrated but was included in the quantitative analyses.
Similar to the lateral cases, injections involving medial parts of PE revealed a high proportion of labeled cells in somatosensory area 2. In the medial cases, however, labeled cells were confined in the more medial part of area 2 (e.g., see Fig. 8A ). The other postcentral areas (1, 3a, and 3b) contributed fewer labeled cells (together accounting for ϳ1% of total medial projections). In the superior parietal lobule, substantial label originated from area PEc and, to a lesser degree, from dMIP and MIP. In marked contrast to the lateral cases, label was extremely sparse in the anterior part of the medial bank of the intraparietal sulcus, in area PEip. In the inferior parietal lobule, the densest patches of cells were found in its caudalmost part, in area PGop, with sparse cells in anterior opercular area PFop, and the retroinsular and insular cortices of the lateral sulcus.
In the frontal lobe, labeled cells arose from primary motor cortex, in particular from its medial half, and from medial premotor area (SMA/F3), in the presumed location of the hindlimb representation (Fig. 8A, flat map) . Label from both these areas was particularly high, accounting for ϳ40% of total label after injections in medial PE. Smaller amounts of labeled cells were observed in the caudal superior premotor area F2, especially around the precentral dimple. Projections from F2 were stronger in case 7, which partially involved area PEc (compare flat maps of Figs. 7 and 8A) , as expected from previous studies (Marconi et al., 2001; Bakola et al., 2010) . Different to the lateral cases, injections in medial PE did not label cells in the ventral premotor cortex (areas F4 and F5), except for a few scattered cells in case 4 (Table 1) .
The midline cortex was moderately labeled, similar to the cases with lateral injections. Labeled cells were observed in the caudal cingulate cortex, in areas PEci and 23, as well as in anterior cingulate area 24. In case 7, projections from PEci and 23 were stronger than the average projections after injections in medial PE (Fig. 7 , density map; Table 1 ), as expected after involvement of area PEc in the injection site (Bakola et al., 2010) .
When considered together, our results show that all parts of PE receive fairly consistent extrinsic input from specific cortical regions. Indeed, statistical analysis of the distribution of labeled cells across the five injections restricted to the borders of PE showed that results from various cases were similar (W ϭ 0.49, 2 ϭ 9.76, p Ͻ 0.02). At the same time, several areas project with variable strengths to different sectors of PE. Figure 8B allows a direct comparison between the areal distribution of label after two PE injections, a medial and a lateral one, performed in the same hemisphere. Apart from quantitative differences resulting from the different number of labeled cells in the two cases, there is good overlap of many labeled regions, but also differences between distributions. Among the latter, quite evident is the lacking in medial cases of labeling in area PEip, and in lateral parts of somatic sensory and motor/premotor areas (regions that represent the arm and/or the hand).
The average density of all significant cortical projections to PE (Ն1%) is illustrated in the histogram in Figure 9 (top). The diagram in Figure 9 (bottom) summarizes the main connections of PE. Overall, area PE receives nearly 60% of its projections from the parietal areas that are mainly concerned with the elaboration of somatic sensation. Another 30% arrives from specific sectors of frontal cortex, mainly from primary motor and medial premotor cortex. Smaller components originate from caudal and rostral parts of midline cortex, as well as from retro-insular cortex and other areas of the lateral parietal cortex. Although these connections emphasize a role in the guidance of skeletomotor activities, perhaps surprisingly, PE is not directly connected with the visuomotor parietal areas involved in reaching or grasping movements, such as V6A or AIP. The results also indicate a difference between PE and PEc, in terms of relative afference from motor versus premotor cortices (Bakola et al., 2010) .
Discussion
Whereas the designation PE was first applied to an extensive region that largely overlapped with Brodmann's area 5 (e.g., von Bonin and Bailey, 1947) , the current view is that this region is heterogeneous, with at least four subdivisions (Pandya and Seltzer, 1982) , and probably more if one also considers the still poorly understood medial bank of the intraparietal sulcus (Colby et al., 1988; . Thus, the term PE is typically used to designate the smaller area we now report. There is evidence that subdivisions PE, PEc, PEip/PEa, and PEci can be distinguished based on projection patterns, as well as subtle cytoarchitectural differences (Pandya and Seltzer, 1982; Petrides and Pandya, 1984; Marconi et al., 2001; Morecraft et al., 2004; Bakola et al., 2010; present results) and response properties (Murray and Coulter, 1981; Breveglieri et al., 2006; Padberg et al., 2007) . The picture that emerges from the above studies places PE, PEc, PEip, and PEci within the somatomotor realm of the parietofrontal network. Nevertheless, a thorough understanding of functional relationships is still lacking, given that most electrophysiological studies on this cortical sector have invariably used the broad term "area 5" (or "PRR" for medial parietal cortex) (Snyder et al., 1998) .
The need for finer definition of cortical areas becomes more pressing if we consider that even histologically homogeneous areas, such as the primary sensory areas, or area MT, show some variation in their cortical input (Krubitzer and Kaas, 1990 ; Falchier et al., 2002; Palmer and . In the present study, we found that, regardless of the location of injection sites, PE, defined as a cytoarchitecturally uniform area, receives consistent projections from well-defined local and distant cortical networks. Our statistical analysis of the distribution of label in various cortical fields further supports the view that PE constitutes a single cortical area. In addition, compared with the other posterior parietal areas, PE displays some unique characteristics. As we show, PE is dominated by robust somatic afferents with weaker inputs from vestibular fields and the higherorder polysensory areas VIP and Tpt, whereas inputs from visual and prefrontal areas are practically absent. This result contrasts, for instance, with findings in superior parietal areas V6A and PGm that have more widespread connections, including connections with occipital, inferior parietal, and prefrontal cortices (Cavada and Goldman-Rakic, 1989a, 1989b; Gamberini et al., 2009; . Equally significant are differences regarding motor input: PE emphasizes abundant projections from primary motor and medial premotor (SMA/F3) cortex, whereas posterior parietal areas connect preferentially with lateral subdivisions of premotor cortex .
On the other hand, we observed regional variations in the pattern of projections that likely emphasize functional specializations within PE related to the representation of different body parts. Lateral parts of PE are preferentially targeted by areas PEip, VIP, 2v of the intraparietal sulcus, and ventral premotor areas, whereas medial parts of PE receive richer projections from PEc, F1/M1, and F3/SMA. According to one interpretation, our results could be attributable to individual variability and/or tracer sensitivity. Given that ethical considerations restrict the use of large numbers of animals in this kind of research, our findings are based on relatively few cases that could potentially magnify regional variability. However, recent tracing studies in different species also describe considerable heterogeneity in the pattern of projections that arrive in association cortices Markov et al., 2011) . To conclude, the present findings suggest that area 5 constitutes a single cortical area with a mediolateral gradient of projections.
Connections with somatosensory-related areas
In agreement with previous studies (Pearson and Powell, 1978; Pandya and Seltzer, 1982; Pons and Kaas, 1986; Marconi et al., 2001; Morecraft et al., 2004; Bakola et al., 2010) , labeled cells projecting to PE were found in the surrounding somatosensoryrelated areas 2, PEc, PEci/supplementary somatosensory area, as well as in opercular areas PGop/PFop, and the retroinsular cortex of the lateral fissure (Guldin and Grusser, 1998; Chen et al., 2011) . Weaker inputs to PE originated in the primary somatosensory cortex (area 3b), and in areas 1 and 3a, confirming some aspects of former studies (Jones et al., 1978; Pons and Kaas, 1986; Darian-Smith et al., 1993) .
A salient finding in the present study was that the cortex along the rostral medial bank of the intraparietal sulcus (PEip) is also connected to PE. These connections have not been described previously, mainly because this field has been traditionally included within "area 5." However, the architectonic evidence, together with the distribution of corticocortical (Hatanaka et al., 2001) and corticospinal projections to the cervical segments , suggests that PEip is a separate area, which contains an arm representation. Indeed, our data show that this region is heavily labeled after injections in lateral PE (the expected location of the trunk/forelimb representation). By comparison, the dorsocaudal strip of the medial bank (dMIP) (Bakola et al., 2010) contained smaller numbers of labeled cells, and area MIP proper (Colby et al., 1988) was practically devoid of label.
Inputs to PE from area 2 and from the medial bank of the intraparietal sulcus should be considered in relation with the evolutionary history and functional specialization of these fields (Krubitzer and Disbrow, 2008) . Although the parietal somatosensory association cortex ("area 5") appeared early in evolution, being shared by all primates, it has been greatly expanded in macaques and humans, especially with the addition of new fields along the intraparietal cortex. According to one interpretation, area 2 is a relatively new addition to unimodal somatosensory cortex, as it is absent in many species of New World monkeys (Padberg et al., 2007) . Emergence of new areas in species with larger brains could also stem from a developmental mechanism, which allows subdivision of what would be otherwise a single area (Rosa and Tweedale, 2005) . Either way, the expansion of area 5, including specialized subdivisions, the addition of other somatotopic maps (such as area 2), and the formation of distinct connections appear to be functionally linked to the complex Figure 8 . A, Two-dimensional reconstruction illustrating the distribution and density of label in case 6, that received a CTB-green injection at medial PE location. B, Two-dimensional reconstruction illustrating the extent of label after a lateral injection (case 2) and a medial injection (case 6) in the same hemisphere. Although both cases showed significant overlap, the lateral case labeled additional cortical areas. Other details are as in Figures 1 and 2. repertoire of manual behaviors in macaques, as well as humans and some species of New World monkey, such as Cebus.
Connections with motor-related areas
Connections between PE and the primary motor cortex have been reported in some (Leichnetz, 1986; Pons and Kaas, 1986; Ghosh et al., 1987) but not in all cases of previous studies (Jones et al., 1978; Petrides and Pandya, 1984) . Our results are more conclusive in showing that projections from M1/F1 to PE are particularly dense, comparable in strength to the connections between M1 and area 2 (Pons and Kaas, 1986) . Additional frontal inputs arose from medial area F3/SMA, from the caudal subdivision of dorsal premotor cortex (area F2) and the anterior cingulate cortex, whereas sparse projections were found from the ventral premotor cortex, confirming earlier studies (Jones et al., 1978; Petrides and Pandya, 1984; Luppino et al., 1993; Gerbella et al., 2011) .
The substantial cortical input from frontal structures that are involved in movement execution (Barbas and Pandya, 1987; Luppino et al., 1991) is in line with the prevailing role of PE in the planning and guidance of reaching (BattagliaMayer et al., 2003) . Indeed, ϳ70% of PE neurons in macaques encode reliably movement-related parameters, such as direction and limb position in bodycentered coordinates, properties that are largely shared with motor and premotor neurons (e.g., Archambault et al., 2009 Archambault et al., , 2011 . At the same time, PE in humans may be associated with a wider set of functions, including the execution of simple movements by different effectors (Heed et al., 2011) and the observation of movements that require accurate and welltimed placement of limbs, such as climbing and locomotion (Abdollahi et al., 2012) . Compatible with this observation are findings in cats, which suggest a significant role of the area 5 homolog in the control of walking on uneven terrains (Beloozerova and Sirota, 2003; Marigold and Drew, 2011) . In reality, although regarded as separate processes, it has been suggested that reaching has evolved as a behavioral modification of locomotor movements, with both types of actions being subserved by the same sensorimotor network (Georgopoulos and Grillner, 1989) . The described robust connections with the medial premotor cortex (F3/SMA) also point to a more general role for PE. Unilateral ablation of F3/SMA disrupts bimanual coordination (Brinkman, 1984) , and recordings of neural activity in this area have revealed a complex spectrum of responses, ranging from self-initiated to external cued movements, to movement sequences (Romo and Schultz, 1987; Kurata and Wise, 1988; Tanji and Shima, 1994) . In addition, the direct connections between PE and posterior cingulate areas 23 and PEci, which have been implicated in active navigation in humans and monkeys (Sato et al., 2006, zharv; 792010; Wall and Smith, 2008) , could be better understood within the broad frame of limb coordination during walking or climbing. Finally, the connections of PE closely resemble those reported in the marmoset, a New World monkey that has a more limited repertoire of hand movements (Burman et al., 2008) , again pointing to a wider set of roles in movement coordination in addition to reaching. The thickness of the bars shows the proportion of cells in each of the areas connecting with PE. as, Arcuate sulcus; cas, calcarine sulcus; cgs, cingulate sulcus; cs, central sulcus; ios, inferior occipital sulcus; lf, lateral fissure; ots, occipitotemporal sulcus; pcd, postcentral dimple; PMd, dorsal premotor cortex; PMv, ventral premotor cortex; pos, parieto-occipital sulcus; pre-cd, precentral dimple; ps, principle sulcus; sts, superior temporal sulcus.
